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Radiation Imaging
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X-ray

e Discovery
— Discovered by Wilhelm Rontgen (1895)
(“X” is indicating “unknown”)

e Findings
— Travels in straight lines

— Make shadows of absorbing material on
photosensitive paper!

National Cancer Institute



X-ray generation

High voltage anode Cathode

Glass wall

Tungsten filament

\ .  Focusing Tube Wire lead

Tungsten target A
Be window "

Takeoff angle  Center of Takeaff Filarnent
generated X-ray  angle

Y=ray tube
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Different imaging modalities

Nuclear
Medicine
Imaging*

Computed Tomography Interventionlfluoroscopy

*Use different mechanism from other imaging modalities National Cancer Institute



Current status of procedures (US 2006)*

Radiography

CT

Nuclear Medicine
Interventional Fluoroscopy
Radiotherapy

* Mettler et al. Radiology (2009)

293 million

67 million

18 million

17 million

1 million patients

74
17

NA
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Changes in U.S. medical radiation exposure*

1980 2006

Interventional Others

Medical Fluoroscopy 7% 2%
15%

Radiography
5%

Others Nuclear
7% Medicine
11%

Natural

78%

CT scanning
24%

Total 3.6 mSv (effective dose) per capita Total 6.2 mSv (effective dose) per capita

* NCRP Report 160, 2009 National Cancer Institute



Typical organ doses for patient*

Dental radiography

PA chest radiography
Lateral chest radiography
Screening mammography
Adult abdominal CT
Barium enema

Neonatal abdominal CT

* Brenner et al. NEJM (2007)

Brain
Lung
Lung
Breast
Stomach
Colon

Stomach

0.005
0.01
0.15

10

15
20
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Typical organ doses for patient*

Type of examination Effective dose (mSv)"

Radiography (single radiograph)®

Skull AP or PA 0.015 (1)
Chest PA 0.013 (1)
T-spine AP 0.27 (20)
L-spine AP 0.44 (30)
Abdomen AP 0.46 (35)
Pelvis AP 0.48 (35)

Mammography (4 views)”
Screening 0.2 (15)

* Linet et al. PR (2009) National Cancer Institute



Typical organ doses for patient*

Type of examination Effective dose (mSv)"

Dental radiography®

Intra oral 0.013 (1)
Panoramic 0.012 (1)
Diagnostic fluoroscopy procedures

Barium swallow? 1 (70)
Barium meal® 2 (150)
Barium enema?® 5(350)
Angiography—cerebral® 2 (150)
Angiography—cardiac® 7 (500)

* Linet et al. PR (2009) National Cancer Institute



Typical organ doses for patient*

Type of examination Effective dose (mSv)"

Computed tomography®

Head 2 (150)
Chest 10 (750)
Abdomen 10 (750)
Pelvis 7 (500)
Abdomen/pelvis 15 (1,100)
C-spine 5 (400)
T-spine 8 (550)
L-spine 7 (500)

* Linet et al. PR (2009) National Cancer Institute



Typical organ doses for patient*

Type of examination Effective dose (mSv)"

Diagnostic nuclear medicine®

Bone (*"™Tc-phosphate) 3 (200)
Heart (°'TI thallous chloride) 13 (950)
Lung (**™Tc-MAA) 0.9 (70)
Tumor-PET(**F-FDG) 7 (500)
Kidney (*™Tc-MAG3) 0.6 (40)
Thyroid (°”™Tc-Pertechnetate) 0.9 (70)

* Linet et al. PR (2009) National Cancer Institute



Radiation dosimetry in imaging
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What is Dosimetry?

e Definition: determination of radiation dose resulting from the
interaction of ionizing radiation with matter

/ Radiation / Human \
e Radiation type ° Age
e Energy > ® Sex
e Direction e Body size
e Collimator e Posture
e Shielding

\_ AN /

National Cancer Institute



Who’s getting radiation dose?

NucIeaTmedicine
<—%5—> T
I W
PR N oo W
[
a > >
Radiography
Fluoroscopy
Mammography
CT
Patient Radiologist Family Members

(Nuclear medicine)

National Cancer Institute



Dosimetric quantities™

Kinetic energy deposited in matter

Organ W :

E |

Absorbed .R. : quivalent
Radiation Dose (SV)
Dose (Gy) Weighting
Factor

HT = ZWRDT,R

Kerma (Gy)

Kinetic energy released in matter

* ICRP Publication 103 (2007)

Wy Effective
Tissue  Dose (SV)
Weighting
Factor

National Cancer Institute



Radiation weighting factor*

Table 2. Recommended radiation weighting factors.

Radiation type Radiation weighting
factor, wg

Photons
Electrons® and muons
Protons and charged pions
Alpha particles, fission frag-
ments, heavy 1ons
Neutrons A continuous function
of neutron energy
(see Fig. 1 and Eq. 4.3)

b 19— —

(254182 ME/6  E -1 MeV
WR =14 5.0+ 17.0 e mCET/6 | MeV < E, < 50 MeV
| 2.5 4 3.25 - WOMET/6 £~ 50 MeV

* ICRP Publication 103 (2007) National Cancer Institute



Tissue weighting factor*

Table 3. Recommended tissue weighting factors.

Tissue W > wr
Bone-marrow (red), Colon, Lung, Stomach, 0.12 0.72
Breast, Remainder tissues”

Gonads 0.08 0.08
Bladder, Oesophagus, Liver, Thyroid 0.04 0.16
Bone surface, Bram, Salivary glands, Skin 0.01 0.04

Total 1.00

* Remainder tissues: Adrenals, Extrathoracic (ET) region,
Gall bladder, Heart, Kidneys, Lymphatic nodes, Muscle, Oral
mucosa, Pancreas, Prostate (), Small mtestine, Spleen, Thy-
mus, Uterus/cervix (%).

* ICRP Publication 103 (2007) National Cancer Institute



Dosimetric quantities™

Kinetic energy deposited in matter

Individualized | Wr Equivalent Wy Effective

[

organ dose  [Radiaton  Dose (Sv) Tissue Dose (Sv)
Weighting Weighting
Factor Factor

M F
H, =S w,D, , E:ZW{HT +HT}
R

v

Kerma (Gy)

Kinetic energy released in matter

* ICRP Publication 103 (2007) National Cancer Institute



Organ dose estimation for medically-exposed patients

e Controlled

e Relatively well documented

National Cancer Institute



How to obtain the individualized organ dose?

National Cancer Institute



(1) Measurement

0O00O0CO0O0
0O o0o00OO0O0CO

Expensive

Substantial man-hour

Not individualized

000 43000
il b b
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(2) Calculation

e 30+ organ doses e (Cost-effective
e Bone marrow dose e Fewer man-hour
e Highly individualized e More flexible

National Cancer Institute



(3) Conversion Factor

¥iimm

I XA00005 ME}WJ p/ il i\
IVERSAL prorr I f
W uther: ivision i ) Sa—— : t
‘E’. ) — | 4

- L

Measurement Conversion Organ doses

~IITY Factor

Derived from computer simulations

National Cancer Institute



Dosimetry in major imaging modalities

Interventional Others

Fluoroscopy 7% 2%
Radiography
5%

Nuclear
Medicine
11%

CT scanning
24%

National Cancer Institute



Radiography

Mammography
Fluoroscopy
H CT
Radiography
Collimation
Film or y— Filtration
Detector __—

>‘ X-ray tube

Grid

Patient

National Cancer Institute



Radiography
Mammography
Fluoroscopy

Factors affecting dose in radiography ‘!

Beam energy
— Primarily depends on the tube potential (kVp) and filtration
— Higher energy beam is more penetrating to reach image receptor
— Lower tube current or shorter imaging time
— Reduce the dose to the patient

Filtrations
— Total filtration = Inherent filtration + Added filtration
— Remove low-energy x-ray which can be absorbed by the patient

Collimation
— Limit the exposed area in the patient
— Reduce the scattered radiation and increase image contrast

National Cancer Institute



Radiography
Mammography
Fluoroscopy

CT

Factors affecting dose in radiography

e Grids
— Reduce the scattered radiation contribution to improve image contrast
— Also absorb a portion of non-scattered radiation
— Cause increase current and time giving more doses to the patient

e Patient size
— Need more radiation to get an acceptable image for thicker patient

— Technique charts displaying suggested technique factors for different exams
and patient thicknesses will be helpful

National Cancer Institute



Radiography
Mammography
Fluoroscopy

Organ dose estimation: Conversion factors

e “Handbook of selected tissue doses for projections common in diagnostic
radiology” (Rosenstein, FDA89-8031, 1988)
— Developed from adult male and female computational phantoms coupled
with Monte Carlo transport technique
— Provide organ doses per unit exposure (measurable) for comprehensive
technique factors

National Cancer Institute



Radiography
Mammography
Fluoroscopy

Organ dose estimation: Conversion factors

TABLE 24. PA CHEST -~ SID: 72" (183 cm); FIELD SIZE at FILM: 14" X 17" (35.6 cm X 43.2 cm)

TISSUE DOSES (mrad) and CANCER DETRIMENT INDEX

MALE for 1 R EXPOSURE at SKIN ENTRANCE (FREE-IN-AIR)''®
HVL (mz Al) — 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
LUNGS 124 216 301 375 439 493 539 578 610 637 660 678
ACTIVE BONE MARRCW 27 49 71 92 113 131 149 165 180 194 207 219
THYROID 4.0 11 21 30 40 49 57 64 70 75 79 82
TRINK TISSUE 52 82 109 132 152 170 185 199 210 221 230 238
o1 (107%) 0.65 1.09 1.49 1.85 2.16 2.44 2.68 2.88 3.06 3.22 3.36 3.48
TESTES + + + + + 0.1 0.1 0.1 0.1 0.1 0.1 0.2

National Cancer Institute



Radiography
Mammography
Fluoroscopy

CT

Organ dose estimation: PCXMC

e A commercial computer program for calculating patients’ organ and
effective doses in radiography examinations

— Developed by Tapiovaara et al. (STUK, Finland)
— Current version, PCXMC 2.0 (released in Nov 2008)

— Based on the computational phantoms (Cristy and Eckerman, 1987) coupled
with Monte Carlo transport technique

National Cancer Institute



Radiography

Graphical interface for user input of technique factors Mammography
Fluoroscppy
:ﬂ_!DefFurm [ C:Program Files' PCXMCYMCRUNSY 1 5-year-old', 1 5y-Abdomen-AP.DFZ ] CT - |EI|5|
Eile:
j_L Main menu | D New Form | [= Dpen Form | I 5ave Form | B save Form As | Print As Text |

Header text |Typical abdomen AP. 15y

"Phanlnn data

Phantom height Phantom mass

Age:
0 1 85 10 15 Adull‘ [ 168.10 5590 ™ Amsin phantom

Standard-168.1 Standard-56.3

[v Draw x-ray field

—Geometry data for the x-ray beam
F5D Beam width  Beam height Href Yref Zref
85.40 I 23.32 I 31.04 | 0.0000 | 0.0000 19.9900 Draw
Projection anale Cranio-caudal angle Update Field
I 270.00 I 0.00 —_—
LATR=180 AP=270 [poz) Cranial #-ray tube Stop
LATL=0 Pa&=30 [rieg] Caudal y-ray tube

—MonteCarlo zimulation parameters

Rotation increment |3|] __I\fiew angle |33|]

Max energy [ke¥] Humber of photons

|1 50 |5I]I]I]I]

—Field size calculator v [¥ Pancieas
. ) ¥ Brain ¥ Uterus
FID Image width Image height 7 Heat o
110 18 |24 Calculate ¥ Testes [ Upper large intestine
¥ Spleen [ Lower large intestine
FPhantom exil- image distance: IE'D I+ [¥ Smallintestine
v ¥ Thyroid
F5D Beam width Beam height ¥ W
I lze this data v v
— ¥ Stomach I
¥ Salivary glands ™ Frostate r
[¥ Oral mucosa W

{* Quick { Sharp

National Cancer Institute



Radiography

Input measurement and organ dose output Mammography
Fluoroscopy
File Run cT
mpatient input dose =101 %]
= § i = o
. Ingust dose quantity and unit: IL Main menu | Change X-ray Spaclrun‘ Open MC data for dose calculation | Print I n_ Save As ... ‘
Input dose value: ) i
IW miy @ Incident air kerma [mGy)
" Dose-Area Product [(mGycm™2)
" Entrance exposure (mR) X-ray tube potential: 120 k¥ Filtration: 3 mm Al + 0.1 mm Cu
|ll':ll|?lll an kun!a value rE ¢ -Area Product (Rem™2) Anode angle: 17 deg
fizcal [l Ul oy I . File: C:\Program Files\PC<MCAMCRUNSVADults adult-chest-PA200000.en2
I 1.0000 mGy | Current -Time Product (mAs) | vpical chest PA, Adult  Phantom: Adult , Ammis included. Simulation: Phatons/Energy level: 200000 Masinum enengy: 150 ke
. Projection angle (LATL=0,PA=30ATR=180,AP=270) 90000  Obl angle:  0.000
[Corresponds to about (EIE LD 6 T i Figld wadth, 3010 cm  and height F FSD: 160000 cm  Ref.pont [y.zlecm)l [ 0.000, 0000, 52000
9. 7mAs] [CEAHCELEE (R ) Phantom height: 178.600 cm and mass:  73.200ka  Scaling factors sxf=sy]: 1.000 andsz:  1.000
Incident air kerma 0150 mGy  Tube voltage: 120k Filtel 3o &1+ 0,1 mm Cu
| Oroans Dose (mGyl _ |Emori%l [0rgans |Dose (mGyl | Emor (%1
OK! Cancel LA DS MBI 0,0522086 01 [Scapulae] 0400557 04
Adrenals 0,154045 1.7 [Clavicles] 0,060160 1.4
Brain 0000822 33 [Ribs] 0,288670 02
Breasts 0.035366 03 [Upper arm bones) 0,035092 1.0
Calon [Large intestine] 0003454 15 [Middle arm bones) 0,033175 1.0
[Upper large intesting] 0.005363 1.6 [Lawer arm bones) 0,00E518 18
[Lower large intesting] 0.000923 43 [Pelvis] 0002112 2.1
Extrathoracic ainways 0.007761 47 [Upper leq bones) 0,000026 18.1
Gall bladdet 0027439 21 [Middle leg bones] 0,000007 478
Heart 0.058200 06 [Lower leq bones) 0,000000 N,
Kidneys 0092431 06 Skin 0,024164 02
Liver 0065439 03 Small intestine 0,004068 14
Lunags 0131340 0.2 Spleen 0124134 0.8
Lymph nodes 0.035024 04 Stomach 0037965 1.1
Muscle 0027625 01 Testicles 0,000001 £5.9
Desophaqus 0,081588 1.0 Thwrnvs 0029615 31
Oral mucosa 0002377 6.2 Thyraid 0023657 3.7
Owvaries 0,000911 213 Urinary bladder 0,000195 17,7
Pancreas 0,073502 1.1 Utens 0,00073 81
Prostate 0,000068 839
Salivary qlands 0.004203 35 Average dose in total body 0,035716 01
Skeleton 0074937 01 Effective dose ICRPE0 [mSv]  0,042321 03
[Skull] 0.004391 1.5 Effective dose ICRP103 [mSy]  0,045023 02
[Upper Spine] 0044352 1.2
[Middle S pine] 0.326392 03
[Lower Spine] 0075329 09 Abs. energy fraction [%] 08,042776

National Cancer Institute



Radiography
Risk assessment output Mammography
Fluoroscopy

CT-=lol x|

File Run About

jl_|_ Main menu :ilpen doze data [and clear old dozes) Add Further doze data._. | LCalculate rizks Clear doses Print report Save report az__
Age: Gender Statistics
= ) Input data
47.0 * Male £ Euro-American Finnizh mortality data
i~ Female " Asian 470 year-old male
- Sum of incident air kermas in the selected dose hles: 0.58 mGy
+ Finnish Sum of effective doses in the selected dose files : 0.1408 mSvy
Stochastic radiation rizks
Rizk of exposure-induced cancer death [REID]): 0.000446 %
[Cancer mortality far other causes; not related ho this exposure; 207 %)
Active bone marrow (m5v) |0.1068 Expected length of remaining life 28.2 years
Breastz [women] [mSv] Loss of life expectancy [LLE): 0.7 hours

LLE/REID : 17.1 pears

Colon (mSv] ’W
Liver (mSv) ’W
Lungs [mSw] ’W
Ovaries [women] [mSv] ’7
Prostate [men) [mS¥] ’W

Stomach (mS¥) f0.2233 Cahcer type REID

Thyroid [mS¥] [0 08385 Risk of exposure-induced death (REIDY far warious cancers leukemia RA1EE %
5%
s o) 050 [T nce
: 0.00020 ‘ N
Urinary bladder [mS¥] [p.0005632 lung cancer 0.000239 %
. . = BTE-9 %
Weighted remainder [mS¥] (g 1045 & 0.00015 prastate cancar
; ston‘@ch cancer 4.86E-5 %
m 0.00010 thyroid cancer 1.73E-E %
= bladder cancer 993E-8 %
. 0.00005 other cancer 9.0PE-5 %
Doge files summed:

Sample-chestPa.mG2 0.00000
Sample-chesl AT mGE2

leukemia
colan cancer
liver cancer
lung cancer
proztate cancer
stomach cancer .
theyroid cancer
bladder cancer
other cancer

National Cancer Institute



Radiography

Mammography
Fluoroscopy
Mammography ‘!
e Average (or mean) glandular dose (AGD) ’X-raytube
— Used to describe the dose to the breast Filtration
— Considered to be at greatest risk Collimati
ollimation

— Replaced traditional quantities (skin
dose, midplane breast dose, and etc.)

/ Compression paddle

Compressed breast

Grid

| Screen/Film

National Cancer Institute



Radiography
Mammography
Fluoroscopy

CT

Factors affecting dose in mammography

e Beam energy
— Approximately 24-30 kVp
— Small difference in beam energy affect breast dose
— Higher beam energy reduce breast dose

e Target material
— Molybdenum (18 and 20 keV) and rhodium (20 and 23 keV)

— Rhodium used for thicker breast

e Filter material
— Molybdenum and rhodium

National Cancer Institute



Radiography
Mammography
Fluoroscopy

CT

Factors affecting dose in mammography

e Grids
— Reduce the scattered radiation to increase image contrast

— High contrast images are very important because of similar composition of
glandular tissue with surrounding ones

e Magnification
— Move breast closer to the x-ray tube
— 1.5 to 2.0 times magnified
— Increase breast dose according to the inverse square law

National Cancer Institute



Radiography
Mammography
Fluoroscopy

CT

Factors affecting dose in mammography

e Breast thickness and tissue composition

— Thick (or large) breasts or those with dense composition need higher energy
beam and longer exposure time, and receive higher AGD

e Compression
— Provides better imaging geometry
— Lower AGD to the patient
— More uniform exposure the breast

National Cancer Institute



* The average glandular dose, D, = D,y X Xgs¢

Organ dose estimation: Conversion factor

Xeoe: the entrance skin exposure (measurable)

Radiography
Mammography
Fluoroscopy

CT

D.y: ESE-to-AGD conversion factor (obtained from Monte Carlo simulation)

TABLE 8-6. DgN CONVERSION FACTOR (mRAD PER ROENTGEN) AS A FUNCTION

OF HVL AND kVp FOR Mo TARGET/FILTER: 4.5-CM BREAST THICKNESS OF 50%

GLANDULAR AND 50% ADIPOSE BREAST TISSUE COMPOSITION*

kVp

HVL (mm) 25 26 27 28 29 30 31 32
0.25 122
0.26 126 128
0.27 130 132 134
0.28 134 136 138 139
0.29 139 141 142 143 144
0.30 143 145 146 147 148 149
0.31 147 149 150 151 152 153 154
0.32 151 153 154 155 156 158 159 160
0.33 155 157 158 159 160 162 163 164
0.34 160 161 162 163 164 166 167 168
0.35 164 166 167 168 169 170 171 172
0.36 168 170 171 172 173 174 175 176
0.37 174 175 176 177 178 178 179
0.38 179 180 181 182 182 183
0.39 184 185 186 186 187
0.40 189 190 191 192

*Adapted from ACR QC Manual, 1999.

National Cancer Institute



Radiography
Mammography
Fluoroscopy

Advanced conversion factor* T

Table A3 Dose conversion coefficients (this work) derived for typical protocols by time period and compressed breast thickness
(CBT).

Period Technique Target-filter =~ HVL- or filtration Dose coefficient

CEBT KV D.x
(cm) min max min max
3 22 24 0.305 0.353
Egan W-Al 0.9 mm Al inherent 5 26 35 0258 0377
8 26 35 0.169 0.255
1960-1964 1.5 mm Al 3 25 30 0449 0.535
Gershon-Cohen W-Al lmm inherent 5 25 30 0.294 0.365
8 25 30 0.192 0.243
3 26 30 0305 0.309
HVL=04 5 26 30 0.190 0.194
8 26 30 0123 0.126
3 26 30 0.449 0.453
1965-1969 Egan Mo-Mo HVL=061 5 26 30 0.290 0.297
8 26 30 0.189 0.195
3 26 30 0347 0375
0.78 mm Al 5 26 30 0217 0.238
8 26 30 0.141 0.156

* Thierry-Chef et al. (in review) National Cancer Institute



Radiography

Mammography
Fluoroscopy
CT
Period Technique Target-filter = HVL” or filtration Dose coefficient
CBT kV Dy
(cm) min max min max
3 40 55 0.652 0643
Heroradiography W-Al HVL=1 5 40 55 0.469 0.470
1980-1984 R
?E::nnif} Mo-Mo HVL =0.31 5 28 - 0.156
3 28 - 0.101 -
3 44 5 0.714 0.713
Xeroradiosraphy W-Al HVL =126 5 44 45 0.524 0.524
3 44 45 0.365 0.366
3 27 29 0.286 0.289
1985-1989 MMo-Mo HVL =0.37 5 27 2 0178 0180
Screen Film 8 27 29 0.115 0117
(Low-Dose) 3 27 2 0.368 0.370
Mo-Mo HVL =049 5 27 2 0.232 0.234
3 27 2 0.151 0.152
3 46 0.726
Xeroradiography W-Al HVL=1.3 3 46 0.536
3 46 - 0373 -
3 25 28 0.269 0274
1990-1999 HVL =035 5 25 28 D.166 0170
Screen Film Mo-Mo 3 25 28 0.108 0.111
(Low-Dose) 3 25 28 0.283 0287
HVL =037 5 23 2 0173 0.179
3 23 28 0113 0116
Screen Film 3 24 28 0.241 0.252
2000+ Mo-Mo 0.03 mm Mo 5 24 28 0.149 0156
{(Low-Dose)
3 24 28 0.097 0.101
[m]

National Cancer Institute



Fluoroscopy

Video camera

Image intensifier

Patient

/ Collimation
\ Filtration
X-ray tube

Radiography
Mammography
Fluoroscopy

CT

Table

National Cancer Institute



Radiography
Mammography
Fluoroscopy

Factors affecting dose in fluoroscopy !

e Beam energy

— Higher kVp results in more penetrating beam and reduces tube current

e Collimation

— Use the smallest field to image only the area of interest
— Reduce the scattered radiation and leads to higher-quality images

National Cancer Institute



Factors affecting dose in fluoroscopy

Increase source-to-skin distance

— Reduce the patient dose according to
inverse square law

Decrease patient-to-image intensifier
distance
— Reduce the patient dose since lower x-

ray fluence is needed for acceptable
image quality

— Low image quality due to the increased
scattered radiation

Radiography
Mammography
Fluoroscopy

CT

Image intensifier

IPatient-to-image intensifier
distance

Collimation
Source-to-skin distance

X-ray tube

National Cancer Institute



Radiography
Mammography
Fluoroscopy

Factors affecting dose in fluoroscopy !

e |Image magnification
— Move the image intensifier farther from the patient or
— Move x-ray source closer to patient
— Increase the patient dose

e Grids
— Reduce the scattered radiation to increase image contrast
— Patient doses increase by a factor or two or more

e Patient size

— kVp and tube current must be increased for thicker patients

National Cancer Institute



Radiography
Mammography
Fluoroscopy

Factors affecting dose in fluoroscopy !

e Beam-ontime
— Directly proportional to the patient dose

— Several techniques to reduce beam-on time
e Being aware of the amount of the beam-on time
e Last-frame-hold feature (display the last image after the beam is off)
e Aggressive use of low frame rate pulsed fluoroscopy
e Release the fluoroscopy pedal frequently

National Cancer Institute



Organ dose estimation: conversion factor*

e Heavily rely on computer simulation using Monte Carlo transport
technigue and computational human phantoms

Table 2. Organ dose conversion coefficients (mGy per Gy cm?) and «

AP projection

60 kVp 3.5 mm Al UFHADM weight percentile

10%

50%

90%

Organs
Colon
Lung
Stomach
Bladder
Liver
Esophagus
Thyroid
Gonads
Skin
Brain
Kidneys
Salivary glands
Adrenals
Gall bladder

50%

* Johnson et al. PMB (2009)

6.04E-03 (0.67%)
4.T0E-01 (0.05%)
2.33E-01 (0.15%)

8.88E-05 (10.14%)

1.74E-01 (0.10%)
2.56E-01 (0.21%)
2.34E-02 (1.26%)

4.TIE-05 (20.47%)

8.07E-02 (0.03%)
2.68E-04 (2.77%)
1.27TE-02 (0.62%)
2.55E-03 (1.94%)
4.52E-02 (0.93%)
2.90E-02 (0.83%)

5.51E-03 (0.63%)
2.83E-01 (0.06%)
1.85E-01 (0.15%)
7.53E-05 (9.21%)
1.32E-01 (0.10%)
1.7TTE-01 (0.23%)
2.04E-02 (1.19%)
T.T4E-05 (18.29%)
7.26E-02 (0.03%)
2.64E-04 (2.40%)
1.OOE-02 (0.63%)
3.45E-03 (1.46%)
3.31E-02 (0.96%)
2.46E-02 (0.80%)

5.61E-03 (0.639
1.45E-01 (0.089
LL10E-O1 (0.199
6.52E-05 (10.62
8.28E-02 (0.139
8.71E-02 (0.329
1.81E-02 (1.259
3.31E-05 (24.1C
6.56E-02 (0.039
2.22E-04 (2,659
6.58E-03 (0.779
240E-03 (1.81¢9
1.95E-02 (1.249
1.88E-02 (0.919

National Cancer Institute



Radiography
Mammography
Fluoroscopy

CT

Dose estimation: Skin dose

Direct dose measurement
— Thermoluminescent dosimeter (TLD)
— X-ray film
Real-time direct dose measurement
— MOSFET dosimeter
Indirect dose measurement
— Measure dose at the collimator port
— Dose derived from system parameters (e.g. PEMNET system)
Real-time parameters
— Fluoroscopic time
— Dose-area-product

National Cancer Institute



Dose estimation: Operator®

Radiography
Mammography
Fluoroscopy

CT

100

10 "

Effective Dose per Procedure (uSv)

a DC

>1000
100-999
10-99
1-9
Indirect

measurement
—— Regression

xo...

0.01 :
1970

* Kim et al. HP (2008)

1980

1990

Publication Year

2010

National Cancer Institute



Radiography

Mammography
Fluoroscopy
- © CT
Dose estimation: Operator®

1UU: I T T T T T T ]
- : b PCl i| @ >1000
0:3 X 1l @ 100-999
5 % ® 10-99
) e 1.9
S 10t X . 3| x Indirect
9 [ . ® measurement
Q ®
5 & ; " Y —— Regression
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Dose estimation: Operator®
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Computed Tomography

X-ray Source

X-ray Fan Beam

Detector Array

ition System

National Cancer Institute
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Two innovations in CT cf

‘Helical motion

Single Detector Row CT Multiple Detector Row CT

Fan beam

Helical scan: Multi-detector:
Faster scan time More information

National Cancer Institute
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Measurable quantities in CT

Computed Tomography Dose Index (CTDI),,,
— Single axial rotation
— 100-mm long ion chamber and head/body CTDI p

Weighted CTDI: CTDI,, = 1/3 CTDI, g center + 2/3 CTDI
Volume-weighted CTDI: CTDI,, = CTDI,, / pitch
Dose Length Product (DLP) = CTDI,, x scan length (cm)

100, peripheral Peripheral

Not designed for or representing patient organ dose!

Center

National Cancer Institute
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Pitch in helical scan

Pitch = 1 Pitch = 2 Pitch = 0.5
CTDI,, = CTDI, CTDl, = CTDIL/2  CTDIl, =2 x CTDI,,

Volume-weighted CTDI: CTDI,, = CTDI,, / pitch

National Cancer Institute
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Factors affecting dose in CT ‘!

Beam energy
Photon fluence (current-time-product)
Helical pitch
Patient size

eter

g e
R o=l

CTDI body (left) and head (right) phantoms

National Cancer Institute



Factors affecting dose in CT: Energy

Table 1
Changes in CTDI, in Head and Body
Phantoms as a Function of Kilovolt Peak

CTDI,, CTDI,,
Beam in Head in Body
Energy Phantom Phantom
(kVp) (mGy) (mGy)
80 14 5.8

100 26 11

120 40 18

140 55 25

Note.—All other factors were held constant at 300
mA, 1 sec, and 10 mm. Results are from a single-
detector CT scanner.

* McNitt-Gray Radiographics (2002)

Radiography
Mammography
Fluoroscopy

CT

National Cancer Institute
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Factors affecting dose in CT: Fluence (mAs)

Table 2

Changes in CTDI,, in Head and Body
Phantoms as a Function of Milliampere-
Seconds Setting

CTDI,, CTDI,

Tube Current— in Head in Body
Time Product Phantom Phantom
(mAs) (mGy) (mGy)

100 13 5.7

200 26 12

300 40 18

400 53 23

Note.—All other factors were held constant at 120
kVp and 10 mm. Results are from a single-detector

C'T scanner.

* McNitt-Gray Radiographics (2002) National Cancer Institute
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Factors affecting dose in CT: Pitch ‘!

Table 3

Changes in CTDI,,; in Head and Body
Phantoms as a Function of Pitch

CTDI,; CTDI,;
in Head in Body
Phantom Phantom
Pitch (mQGy) (mQGy)
0.5 80 36
0.75 53 24
1.0 40 18
1.5 27 12
2.0 20 0

Note.—All other factors were held constant at 120
kVp, 300 mA, 1 sec, and 10 mm. Results are from a
single-detector C'T scanner.

* McNitt-Gray Radiographics (2002) National Cancer Institute
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Factors affecting dose in CT: Patient size®*
20 mGy
40 mGy
40 40 40 20mGy 10 mGy 20 mGy
40
20 mGy
16-cm diameter head phantom 32-cm diameter head phantom

* ImPACT group (http://impactscan.org) National Cancer Institute



CTDI,,, vs. actual organ dose

Organ dose per CTDI

=
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vol (

abdomen-pelvis scan for adult male)*

Radiography
Mammography
Fluoroscopy

CT

=
N

=

o
0o

o
(o)}

Organ dose per CTDI,
o
D

o
N
]

$®\\
,bé‘\
<&
B

) &
o* ¥
N
N
&

(\
&
&

* Lee et al. Medical Physics (2011)
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Organ dose estimation: Software tools

Y8 CT-Expo A

g ImPACT

e NRPB database (UK) e GSF database (Germany)
e Hermaphrodite adult e Male and female adult
* No children e Two children

ORNL adult
hermaphrodite
phantom

_/

ADAM EVA J

National Cancer Institute



ImPACT

Radiography
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CT

ImPACT CT Patient Dosimetry Calculator Zoom In Start: +1 a «|+10 | End: +1 4 «|+10
Version 1.0.2 12/1172003 Zoom Out 425 -1 - -10 64 -1 »|«|-10
Scanner Model: Acquisition Parameters: I
Manufacturer:| siemens - Tube current 100 mA ,_,._!__—__ .
Scanner: Siemens Sensation 18 - Rotation time 1 s S,
kV: Tizo ~ Spiral pitch 1 {17 AN
Scan Region:| Head hd mAs / Rotation 100 mAs I.\'-,_‘ ),ﬁ I|
Data Set MCSET21 Update Data Set Effective mAs 100 mAs N A
Current Data |MCSET21 Collimation v| mm T Heo H
Scan range Rel. CTDI  Loogkup|1.00 (assumed)
Start Position|0 Cm  Get From Phantom CTDI (air)  Look up 218 mGy/100mAs
End Position (43 Jem Diagram CTDI (soft tissue)  [23.3 mGy/100mAs 'Ul HEEH
nCTDI, Look up |16.6 mGy/100mAs H 17
|Organ weighting scheme ICRP 60 LI H
CTOI, 166 |mGy i [
CTDlyy 166 |mGy H 7
DLP 713 _ImGy.cm H
Organ wr | Hr (mGy)]| wr.Hr Remainder Organs Hr (mGy) H ) Ha0 o
Gonads 0.2 6.5 1.3 Adrenals 9.4 H
Bone Marrow 0.12 4.8 0.57 Small Intestine 1 H — L
Colon 012 11 1.3 Kidney 13 = F HaoH
Lung 0.12 12 0.15 Pancreas 94 A -
Stomach 012 1" 1.3 Spleen 10 | \
Bladder 0.05 12 0.61 Thymus 0.26 \ I'.
Breast 0.05 0.35 0.018 Uterus 12 WA H H
Liver 0.05 10 0.5 Muscle 4.7 : I
Oesophagus (Thymus) 0.05 0.26 0.013 Brain 7 0.0016 |
Thyroid 0.05 0.031 0.0016 Mot Applicable 1 na H=rH
Skin 0.01 33 0.033 Mot Applicable 1 e _
Bone Surface 0.01 58 0.058 Not Applicable MNIA —
Not Applicable h 0 0 0 MNot Applicable MNIA F—i___ .
Mot Applicable 0 0 0 Other organs of interest Hr (mGy) |/ ) u BTl
Remainder 0.025 47 0.12 Eye lenses 0.0027 A
Kidneys 1 0.025 13 0.31 Testes 23
Total Effective Dose (mSv)| 6.3 Cwvaries 1 ' | Hn H
Uterus 12 | | [
Prostate 12 | | |

Scan Description /
Comments

National Cancer Institute



CT-EXPO

_If 27 Scan Range
Calcu Iate Scan Range Data (Slice Positions)
hl -
|
1. Age Group Gender a/% Get Values Scan Range z L
= | fromz- " toz+ [cm]
| Adult | ®mae O female 40 70 30
3. Scanner Model Scanner Data for Scan Region "Body"
Manufacturer |General Electric ﬂ ,.,CTD|W Un:_.f PEI.H kc'r k-DEI AL
scanner  [as00 ﬂ [MGyimAs] [KV] [cm]
0.062 | 120 | 0.24 0.50 1.00 0.0
hl
4. Select mode [~ Body mode for head/neck region W  Spiral mode
5. Scan Parameters Please Enter Actual Settings:
o o Al Al Al o bl .
u | t Qg Q N * heg TF Niec p Ser.
[KV] [mA] [s] [mAs] [mAs] [mm] [mm] [mm]
120 120 2 240 0 10.0 10.0 1.0 1.0 1
6.‘ Results Dose Values per Scan or per Series” Tissue or H;per Seried Remainder Hpper Series
CTDI, CTDI,,, DLF'W* E Dumms* Organ [mav] Organs [mSv]
[mGy] [mGy] [mGy*cm] [mSv] [mSv] Thyroid 6.4 Brain 03
149 149 | 448 6.4 | n.a. Breasts 0.0 Thymus 227
Child/Baby: all CTDI and DLP values refer to 16cm head phantom! Oesophagus 27 Spleen 5.8
Lungs 234 Pancreas 52
Dose Values per Examination Liver T4 Adrenals 93
DLP,, E Dterus Stomach 4.8 Kidneys 1.5
[mGy*cm] [mSy] [mSv] Colon 0.0 Small intest. 02
448 | 6.4 na. Testicles 0.0 Upp. large int 0.3
Effective dose E refers to ICRP 60 Owvaries 0.0 Uterus 0.0
Please note: Bladder 0.0
All organ doses Hy are based on conversion coefficients for stand- Bone marrow 56 Misc. Hr per Series|
ard patients (ADAM, EVA, CHILD, BABY) and serve for informatien Bone surface 15.0 [m3v]
purposes only (in particular organs outside the scan range)! Skin 54 Eve lenses | 04

Radiography
Mammography
Fluoroscopy

CT
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3.0

1.0

Mean organ dose/CTDI,, across scanners
—_
L

0.0

* Turner et al.

Organ dose estimation: Perimeter-base*

Radiography
Mammography
Fluoroscopy

CT

A
Baby ® Stomach
Child + Liver
- A Adrenals
(Gall Bladder
Golem .
3 Visible OKidney
Human
Irene <& Pancreas
Frank
Donna gi ASpleen
x \g
Helga \
Ep_.mmm: 3.780 exp(-0.0113 x Perimeter)
RZ=0.970
25 50 75 100 125 150

Patient Perimeter (cm)

MP (2011) National Cancer Institute
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Perimeter-based organ doses*

TABLE II. Results of exponential regression analysis describing nDp , as a
function of perimeter (cm) for fully irradiated organs.

Exponential regression coefficients Correlation coefficient

Organs Ap By R’

Liver 3.824 —0.0120 0.98
Stomach 3.780 —0.0113 0.97
Adrenals 4.029 —0.0128 0.95
Kidney 3.969 —0.0124 0.99
Pancreas 3.715 —0.0122 0.97
Spleen 3514 —0.0111 0.95
Gall bladder 3.994 —0.0115 0.95

* Turner et al. MP (2011) National Cancer Institute



Summary

Epidemiology needs individualized organ dose.

Three approaches
— Measurement: expensive, labor-intensive, and not individualized
— Calculation: cost-effective, fewer man-hour, and individualized
— Conversion factor: derived from calculation
Four different imaging modalities
— Radiography
— Mammography
— Fluoroscopy
— Computed Tomography

National Cancer Institute
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Thank you for your attention!
Any gquestions or comments appreciated

National Cancer Institute



	Radiation Dosimetry and Organ Doses from Imaging
	Contents
	Radiation Imaging
	X-ray
	X-ray generation
	Different imaging modalities
	Current status of procedures (US 2006)*
	Changes in U.S. medical radiation exposure*
	Typical organ doses for patient*
	Typical organ doses for patient*
	Typical organ doses for patient*
	Typical organ doses for patient*
	Typical organ doses for patient*
	Radiation dosimetry in imaging
	What is Dosimetry?
	Who’s getting radiation dose?
	Dosimetric quantities*
	Radiation weighting factor*
	Tissue weighting factor*
	Dosimetric quantities*
	Organ dose estimation for medically-exposed patients
	How to obtain the individualized organ dose?
	(1) Measurement
	(2) Calculation
	(3) Conversion Factor
	Slide Number 26
	Radiography
	Factors affecting dose in radiography
	Factors affecting dose in radiography
	Organ dose estimation: Conversion factors
	Organ dose estimation: Conversion factors
	Organ dose estimation: PCXMC
	Slide Number 33
	Slide Number 34
	Slide Number 35
	Mammography
	Factors affecting dose in mammography
	Factors affecting dose in mammography
	Factors affecting dose in mammography
	Organ dose estimation: Conversion factor
	Advanced conversion factor*
	Slide Number 42
	Fluoroscopy
	Factors affecting dose in fluoroscopy
	Factors affecting dose in fluoroscopy
	Factors affecting dose in fluoroscopy
	Factors affecting dose in fluoroscopy
	Organ dose estimation: conversion factor*
	Dose estimation: Skin dose
	Dose estimation: Operator*
	Dose estimation: Operator*
	Dose estimation: Operator*
	Computed Tomography
	Two innovations in CT
	Measurable quantities in CT
	Pitch in helical scan
	Factors affecting dose in CT
	Factors affecting dose in CT: Energy
	Factors affecting dose in CT: Fluence (mAs)
	Factors affecting dose in CT: Pitch
	Factors affecting dose in CT: Patient size*
	CTDIvol vs. actual organ dose
	Organ dose estimation: Software tools
	ImPACT
	CT-EXPO
	CT-EXPO
	Organ dose estimation: Perimeter-base*
	Perimeter-based organ doses*
	Summary
	References
	Thank you for your attention!�Any questions or comments appreciated

